INTRODUCTION
Considerable attention has been directed to those environmental factors which affect the growth and activities of bacteria. Factors related to the culture medium, such as reaction, concentration of the different constituents, methods of sterilization, oxygen tension, and vitamines, have been thoroughly investigated. Studies along these lines have made it possible to cultivate organisms that hitherto have refused to develop on ordinary artificial media. Some of the physical factors such as temperatures and osmotic pressures have also been included in the research program. One physical factor, however, which has received little attention is the relation of surface tension to bacterial development.
HISTORICAL REVIEW
Historical notes on this subject have been cited in a previous paper published from this department, Gibbs, Batchelor and Sickels, 1926. There are, however, several recent contributions which deserve specific mention. Albus and Holm (1925) found that Lactobacillus acidophilus grew very well in a medium with a surface tension as low as 36 dynes per centimeter while L. bulgaricus in the same medium depressed to a surface tension of 40 dynes showed no growth after seven days incubation at 370C. They proposed this as a ORSINO R. PIZARRO means of differentiating between these two closely related organisms and concluded that the surface tension might be a factor in the implantation of these organisms. They did not report the method employed in the determination of the surface tension, the chemical nature of the medium, or the substances used as depressants. Marshall (1924) studied the surface tension of mediums by methods which he terms "static" and "dynamic," or the drop, and the ring, methods. He used the stalagmometer for the dynamic measurements and the tensiometer for the static. He performed various experiments with nine standard mediums including broth, agar, bile, and gelatin in non-solidifying concentrations. He found that various inorganic and organic substances, exclusive of soap solutions, oils and the like, had little effect on the surface tension of infusion broth. In the experiments on aqueous solutions, he found that very small amounts of peptone, beef extract, ascitic fluid, castor oil soap, and infusion broth brought about a marked reduction of surface tension. This was not the case, however, in glucose and sodium chloride solutions. A comparison of static and dynac measurements gave radically different values for the surface tension. Marshall concluded that the surface tension of infusion broth or of a synthetic medium is not affected as a consequence of bacterial growth; that organisms growing in mediums of different surface tension appear to have different rate of growth, and different gas metabolism; and that correlation of these variables reveals no systematic variation. Marshall and Robinson (1925) studied the relation of surface tension to diphtheria toxin production. In their studies they attempted to correlate the pellicle formation of the organism and the surface tension of the medium. They found that the surface tension of different lots of veal infusion toxin broth varied usually from 45 to 47 dynes per centimeter. The surface tension could not be raised by any practical means but could be lowered as far as 35 dynes per centimeter by the addition of minute amounts of castor oil soap. They found further that toxin broth of a surface tension of 40.9 dynes per centimeter obtained 388 with soap solution gave better pellicle formation than broths having a higher or lower surface tension, and that broths having a surface tension as low as 35 dynes per centimeter inhibited pellicle formation completely and usually prevented growth of the organism. Frobisher (1926) concluded that surface tension is an important factor in bacterial growth, in morphology, and probably in cell division; and to a less extent in the motility of bacteria and their ability to retain Gram's stain. He also found that low surface tension is probably an important factor in determining the size of the individual cells, the rate and extent of cell division, and the cell grouping, and that the loss of virulence of pneumococci after treatment with surface tension reducents may be due to the disintegration of these bacteria when they are subjected to low surface tension. He attributes the dissolution of pneumococci by bile to the low surface tension induced by this substance.
This investigator found that the serologic types of pneumococci do not differ from one another in their sensitiveness to the low surface tensions. He also found that sodium oleate is the most useful reagent for reducing surface tension of culture mediums. He suggests the differences in ability of organisms to grow at low surface tensions as a means of differentiation between species of bacteria, and that Huntoon's "hormone" medium for pneumococci may be improved by raising the surface tension with charcoal to some point above 54 dynes per centimeter. GENERAL 
METHODS
In the present study, all surface tension measurements unless specifically noted were made both by the method of Fahrenwald (1922) and by the drop weight method. The depressants consisted of four soaps prepared from castor oil, cocoanut oil, olive oil, and palmitic acid. These soaps were the same which were used in the experiments described in the previous report. Two per cent stock solutions of each soap were prepared and added by pipette in the desired amount. The soap additions in the data which follow are expressed in per cent of dry soap. The medium consisted of glucose beef infusion broth prepared as follows: 10 grams of bacto-pepton "difco" were added to 1000 cc. of beef infusion. These were boiled together in the Arnold sterilizer for two hours and filtered. To the unsterile broth, glucose was added in the proportion of 1 gram per 100 cc. When the sugar was dissolved, the solution was divided into flasks, the necessary soaps added, and sterilization performed in the autoclave at 10 pounds pressure for twenty minutes. Sodium chloride was omitted, fearing that it might form precipitates with the depressants.
EXPERIMENTAL DATA Determination of the surface tension of broth It is a fact commonly understood that surface tension depressants contained in a solution have a tendency to accumulate at the surface. Two experiments were therefore planned to determine the effect of such concentration of depressants on the surface tension as determined by the film method.
The medium employed was infusion broth containing 1.0 per cent glucose. In one series of the tests the broth was thoroughly stirred immediately preceding each measurement. The broth was poured into the measuring container and the surface tension immediately determined. A second reading was made, then, a third, fourth, fifth, etc., until four successive readings gave constant values. The medium was then allowed to remain in the container for ten minutes, after which time it was thoroughly stirred and the measurements repeated. In a second series of tests the above procedure was repeated except that the broth was not stirred before making surface tension measurements. The results of these two series of tests are shown in tables la and lb.
It is seen from the data in tables la and lb that a constant value for the surface tension is obtained, usually at the second reading, when the solution is stirred immediately before taking the measurement while from three to nine measurements are necessary to reach a constant when the solution is not stirred. It will also be noted that the surface tension constant when obtained after stirring the medium was 42.3 dynes per centimeter while the constant obtained for the same medium without stirring was 39.6 dynes. The higher constant in the former case is no doubt due to the more uniform dispersion of the depressant, while in the latter case the depressants were more concentrated at the surface.
Two unusually interesting points are brought out in the data of table lb. It will be noted that at the six-hour interval the silver disc was allowed to remain immersed in the broth for a period of fifteen minutes before the surface tension was measured. The first measurement then gave the constant indicated in table lb. The second interesting point was at the eight-hour period. In this case the medium was stirred before measurement and gave at the second reading the same constant found in table la.
The results of these two experiments show that there are two distinct methods of applying the film method to surface tension It will be noted from the data in table 2 that considerable variations of surface tension were obtained by the soap additions, not only in the actual depression but in the proportion of soap necessary to produce it. On the basis of the amount of soap necessary to produce a given surface tension, castor oil soap is the most efficient, 0.002 per cent giving a depression of about 5 dynes below the control and 0.02 per cent giving about 14 dynes depression. Palmitic soap is slightly less efficient and olive soap is about the same. Cocoanut oil soap produces the lowest surface tension among the four depressants but is in general not as satisfactory on account of its turbidity and tendency to form precipitates.
Determination of the toxicity of the soaps The foregoing experiments proved the value of the four depressants in respect to their ability to lower the surface tension with-. out alteration of hydrogen-ion concentration. Since the toxicity of the depressants reported by other investigators has always been a variable and unknown quantity, it was thought advisable to determine, if possible, the toxicity of the soaps prepared for these experiments.
Broths were therefore prepared which contained oculated with a twenty-four-hour culture of Diplococcus pneumoniae. Twelve flasks for each concentration including the control were prepared, six of which were inoculated and six uninoculated. The cultures together with the controls were incubated at 370C. and observed after one, two, three, five, seven, and ten days. This was done in order to make possible the observation of any phenomenon that might occur at some definite surface tension during the course of the experiment. A systematic arrangement of the flasks and the results obtained are shown in table 4.
The data in table 4 reveal a certain relation between the surface tension as determined by the film and the drop weight methods. In spite of the fact that the drop weight method gives much higher values than the film method, two curves that are almost parallel are obtained from the surface tension measurements recorded by the two methods. There are, however, discrepancies that could be noted, especially in the drop weight method, due to factors which cannot be avoided, but these are so rare that they could be overlooked for practical purposes. In order to avoid repetitions of some general facts relative to surface tension in these and later experiments, discussion will be confined to the results obtained by the film method. The results obtained by the drop weight method are presented in each case for the sake of comparison, and in order that those who are interested may compare these findings with those of other investigators.
The data in table 4 show that during the first observation, the surface tension of all the uninoculated series, treated and untreated with depressants, was practically the same as at the onset and their pH values remained constant. The inoculated series, however, showed a decrease in surface tension of from 1.6 to 4.8 dynes per centimeter. This decline in surface tension was accompanied by an abrupt drop in hydrogen-ion concentration. A correlation of these changes, however, reveals no systematic variation thus indicating that surface tension has no particular effect upon the growth of this organism.
A slight rise of surface tension over that found in the first observation will be noted in all cultures after forty-eight hours incubation. This increase, however, did not alter the preceding pH value obtained after the twenty-four-hour period. Later observations show that the surface tension increased in all inoculated series until the fifth day period when a general decline of surface tension was noted. These changes in the surface tension of the inoculated series did not materially alter the pH values found at the second day period.
A general view of the results obtained in table 4 shows that there is an increase of surface tension of from 1.8 to 4.6 dynes per centimeter in all the uninoculated series, treated and untreated with soaps, while their pH values remain constant. It will also be noted that in all the inoculated series, a decrease of surface tension of from 1.6 to 4.5 dynes per centimeter was observed. Considering the pH value as an index to the normal activities of the organism, a slight inhibition was noted in all the cultures containing depressants. Inhibition seems to be more marked in the cultures treated with castor oil soap, with olive soap following and cocoanut soap next. Palmitic soap shows a very slight inhibiting action. This inhibition, however, cannot be attributed to the lower surface tension, since the activities of the organism in the medium containing cocoanut oil soap with a surface tension of about 4 dynes lower on the onset than that of the castor oil soap, is nearer to normal than the latter. It is more highly probable that the inhibiting action is due to the chemical nature of the soap.
Surface tension and the growth of streptococci Two series of flasks of glucose broth arranged as outlined in the previous experiments were carefully sterilized and inoculated, one with a twenty-four-hour culture of Streptococcus viridans and the other with a twenty-four-hour culture of Streptococcus hemolyticus. Both series were incubated at 370C. and observations made after one, two, three, five, seven, and ten days. of all uninoculated flasks, treated and untreated with depressants, remained practically the same during the first twenty-four hours while their pH values also remained constant. During the same period, it will be noted that there was a decrease of surface tension of from 0.5 to 4.2 dynes per centimeter in all the series inoculated with Streptococcus viridans. This decline in surface tension was accompanied by an increase in hydrogen-ion concentration. The decrease in pH values, however, is not in proportion to the lowering of surface tension or to the surface tension at the onset. In fact, during the first twenty-four hours, the organism has practically reached its maximum development in most of the inoculated series, with varyihg surface tensions. The cocoanut oil series, showed a marked inhibition but the retarded growth cannot be attributed to surface tension. A discussion of this fact will be found later in this text. While a marked lowering of surface tension is again noted after forty-eight hours in all the inoculated series, the pH values remained practically the same as in the previous observation. More or less irregular surface tension measurements were obtained after that time but the hydrogen-ion concentrations practically remained the same in all cases as those found after twenty-four hours.
A general examination of the results in table 5 will show that a risein surface tension of from 1.5 to 3.7 dynes per centimeter was observed in all the uninoculated series, treated and untreated with depressants, after ten days incubation. Their pH values, however, remained constant in all cases. It will also be noted that after twenty-four hours there was an increase of surface tension in most of the inoculated series containing depressants with the exception of the cocoanut oil series which gradually lowered in surface tension until the end of the experiment. The inoculated series containing no depressants showed also a decrease of surface tension of 2.0 dynes per centimeter at the end of the ten-day period. It will be noted that the rise in surface tension of the cultures containing depressants is almost parallel with the rise in surface tension of their respective controls. This would indicate that the products of metabolism of the organisms due to their activities did not alter the surface tension of the medium. In this particular case, the result coincides with the findings of Marshall (1924) who states that no change in surface tension of infusion broth or of synthetic medium results as a consequence of bacterial growth. The growth of the organism as measured by the pH values was practically normal in the castor, olive, and untreated series, the maximum having been reached during the first twenty-four hours. A very slight inhibition which accompanied the development of the organism from the second to the last day of the experiment was noted in the palmitic acid series, while a very marked inhibition was observed in the cocoanut oil series. In view of the fact that the cocoanut series produced the lowest surface tension, on first thought it may appear that the inhibition of growth in the cocoanut series is due to the reduction of surface tension. Referring to table 3a, 3b and 3c it will be found that a surface tension of 34.9 dynes per centimeter was obtained with palmitic soap which should not inhibit growth of either Streptococcus viridans or Streptococcus hemolyticus. We can therefore conclude that the inhibition in the cocoanut series is due to the nature of the depressants rather than to the lowered surface tension. In fact there seems to be no correlation between surface tension and the growth of Streptococcus viridans.
The data obtained with Streptococcus hemolyticus presented in table 6 are in such close harmony with the data for Streptococcus viridans presented in table 5 that a separate discussion is not warranted. It may be considered that the behavior of these organisms is so nearly identical in regard to surface tension that a single discussion will serve for either. A careful examination of table 6, will show that there was no growth observed in the cocoanut series during the first twenty-four hours but this is probably due to a lack of mass inoculation.
Surface tension and the growth of staphylococci Four series of broths containing depressants were arranged as indicated in previous experiments. These series were inoculated, one with a strain of Staphylococcus aureus isolated from a case of navel ill, a second with a strain of Staphylococcus aureus recently isolated from a case of furunculosis, the third and fourth with strains of Staphylococcus albus isolated from cases of acne infection. All four series, were incubated at 370C. and observations made after one, two, three, five, seven and ten days. In these series only the film method of measuring the surface tension was employed.
The results obtained from these four series are so nearly parallel that a single table will serve for all, and a separate discussion of each one is not warranted. Table 7 shows the arrangement of the flasks, pH, and surface tension over the course of the experiment.
It is seen from the data in table 7 that while the surface tension of the uninoculated flasks, treated and untreated with depressants, remained practically the same during the first twenty-four hours, the inoculated series showed a marked decrease in all cases. It will be noted that the cultures containing depressants decreased by from 2.1 to 4.8 dynes per centimeterwhiletheinoculated control decreased by 1 dyne. This change in surface tension was not in proportion to the extent of development of the organism as noted from the pH values.
A comparison of the hydrogen-ion concentration of all the cultures shows that the maximum growth of the organism is already reached in the untreated series during the first twentyfour hours, while in all cultures containing depressants inhibition is noted. This inhibition during the first twenty-four hours is most marked in the culture containing cocoanut oil soap. This, however, could not be attributed to surface tension because later observations show that the growth of the organism in this series is nearer to normal than in the case of the cultures containing depressants and a higher surface tension at the onset.
During the second observation lowering of surface tension was noted again in all cultures but the decrease was comparatively less than that obtained during the first twenty-four hours. A marked change was also observed in the growth of the organism. Later observations show that the change in surface tension was more or less irregular in the cultures containing depressants.
This irregularity, however, did not affect the growth of the organism. In most cases, the maximum development of the organism in the broths containing depressants was reached after the third day and practically remained the same until the end of the experiment so that the limit of growth was attained before any irregularities in surface tension were noticed.
A general survey of the results in table 7 will show that the surface tension in all cultures decreased by from 2.1 to 9.1 dynes per centimeter. It will also be noted that all uninoculated flasks, treated and untreated with soaps, increased in surface tension by from 1 to 3.2 dynes while their pH values remained constant.
An interesting result was brought out by this experiment. Table 7 shows that while inhibition is seen in all cultures containi g depressants, palmitic oil soap showed the most marked effect. This is very different from the results obtained in the experiments with Diplococcus preumoniae and streptococci. Castor oil soap showed the most marked inhibition on the growth of Diplococcus pneumoniae while cocoanut oil soap inhibited the growth of streptococci more than any of the, other depressants employed. The inhibition of growth of Staphylococcus aureus in the case of palmitic soap is not due to surface tension. This point is established by the fact that the best growth observed, aside from the control, was in the cocoanut oil soap which gave the greatest reduction in surface tension.
The data in the experiments with the staphylococci indicate that there is no correlation of surface tension with development of the organisms. There is a strong indication of inhibition of growth due to the chemical nature of the depressants.
SUMMARY AND CONCLUSIONS
Seven organisms were studied in order to observe their behavior when grown in media of varyingsurfacetension. Theseorganisms consisted of Diplococcus pneumoniae, Streptococcus viridans, Streptococcus hemolyticus, and four strains of staphylococci.
The surface tension was determined by the method of Fahrenwald and the drop weight method. The two methods do not give the same value, for the surface tension of a liquid, the drop weight method yielding, in general, results about 12 dynes per centimeter higher. It is not possible at present to say which is the more reliable, but the results obtained by the method of Fahrenwald are less subject to variation and error inmanipulation.
Considerable variation in growth was observed in the broths containing the depressants. In general there was a marked inhibition of growth during the first twenty-four hours. This inhibition was in a good many instances largely overcome within three days but in few cases did the growth equal that in the control tubes.
The inhibition was not directly associated with surface tension. In many instances, the greatest inhibition occurred at higher surface tensions while the broths of the lowest surface tension gave the maximum development in the reduced series. This indicates that inhibition was due to the chemical nature of the depressant rather than to reduced surface tension.
There is nothing to indicate, within the limnits of these experiments, that surface tension is a factor in the development of the organisms studied.
